Nitrification is the initial step in the removal of nitrogenous compounds from wastewaters. It involves the two-step conversion of ammonia to nitrite (ammonia oxidation) and nitrite to nitrate (nitrite oxidation) (10) . Denitrification of the nitrate to nitrogenous gas removes the nitrogen from solution (18) . If nitrogen removal fails, the nitrogenous compounds passing into waterways may cause a series of environmental and medical problems (2) .
There are a range of autotrophic (11) and heterotrophic bacteria (8) capable of nitrification. Unlike heterotrophic bacteria, autotrophs are dependent on this reaction to generate energy for cell maintenance and growth. In wastewater treatment systems, autotrophs constitute only a small percentage of the mixed liquor microbial community, but they are responsible for the bulk of nitrification (17, 18) .
In wastewater treatment systems, the genera Nitrosomonas (an ammonia oxidizer) and Nitrobacter (a nitrite oxidizer) are the two groups of autotrophs presumed to be responsible for nitrification (11) . Although ammonia oxidizers have been intensively studied by the use of molecular methods (26, 27) , the nitrite oxidizers have not been similarly studied. In one study of activated sludge flocs (15) , clusters of Nitrosomonas and Nitrobacter spp. were adjacent to each other as revealed by fluorescent in situ hybridization (FISH) probing. However, in other studies, Nitrobacter could not be detected, and it was speculated that other bacteria were likely responsible for nitrite oxidation (12, 27) .
To investigate the identity of the nitrite oxidizers in wastewater treatment plants, a nitrite-oxidizing sequencing batch reactor (NOSBR) was operated. After 6 months of operation of the NOSBR, the developed sludge (RC) was investigated by microscopy, by culture-dependent methods, and by molecular biological methods. In addition, the sludge used to inoculate the NOSBR (GC) was investigated by molecular biological methods and compared with the NOSBR biomass.
MATERIALS AND METHODS
Mixed liquor from the Merrimac Wastewater Treatment Plant at the Gold Coast, Queensland, Australia, was used as inoculum for the NOSBR. The Merrimac plant is a full-scale biological nutrient removal (BNR) plant operating for nitrogen and phosphorus removal. Mixed liquor from the aerobic stage was collected and brought to the laboratory on ice. A volume of 1 liter was used to initiate the NOSBR, while further aliquots were stored at Ϫ20°C.
Operation of NOSBR. The NOSBR was operated according to methods previously reported (6) . Briefly, the reactor was a chemostat with an operating volume of 1 liter, and the reactor feed comprised the following (per liter): 400 mg of KNO 2 2 O, and 20 g of NaHCO 3 (pH 7.2). There were four stages to each cycle and a hydraulic retention time of 12 h. The stages were (i) feed, 500 ml of fresh medium for 30 min (0 to 0.5 h); (ii) aerobic reaction, 4.5 h (0.5 to 5 h); (iii) settle, 40 min (5 to 5.7 h); and (iv) decant, 500 ml of supernatant for 20 min (5.7 to 6 h). The total time per cycle was 6 h.
After the NOSBR was operated for a period of approximately 6 months, a 10-ml grab sample of mixed liquor was removed from the reactor during the middle of the aerobic reaction stage and used immediately for analyses.
Microscopy. Approximately 50 l of the NOSBR mixed liquor was Gram stained, and micrographs were taken with a Nikon Microphot FXA microscope.
Culture-dependent methods. The NOSBR sludge (400 l) was washed twice with phosphate-buffered saline (PBS; 135 mM NaCl, 2.5 mM KCl, 10 mM Na 2 HPO 4 , 1.75 mM K 2 HPO 4 [pH 7.5]), resuspended in 400 l of PBS, and serially diluted to 10
Ϫ7
. A volume of 50 l of each dilution was then spread inoculated onto two types of agar media. These were Nutrient Agar (NA; Oxoid, England) and autotrophic nitrite agarose (ANA; composed of the reactor feed [see above] solidified with 10 g of agarose per liter). In addition, a range of the diluted sludge samples was briefly sonicated, and individual cells were isolated by micromanipulation (21) and inoculated onto ANA. Plates were then incubated at 28°C until growth occurred. A range of colonies with different morphologies grew on the NA and ANA inoculated with sludge samples by spread inoculation and on ANA inoculated with micromanipulated cells. These colonies were subcultured to ensure purity. The 16S ribosomal DNA (rDNA) sequence was partially determined and analyzed for a range of these isolates by previously published methods (3, 4) .
Molecular biological methods.
The total community DNAs from the NOSBR sludge (RC) and from the sludge used as inoculum for the NOSBR (GC) were isolated, and the 16S rDNAs were PCR amplified and cloned.
DNA extraction. The biomass (500 l) was centrifuged at 12,000 ϫ g for 5 min. The supernatant was discarded, and the pellet was resuspended in 500 l of saline-EDTA (150 mM NaCl, 100 mM EDTA [pH 8.0]). A volume of 100 l of freshly prepared 100-mg/ml lysozyme was added to the mixture and incubated at 37°C for 1.5 h. The mixture was then subjected to four cycles of freezing and thawing at Ϫ20 and 65°C, respectively. Following this, 100 l of 25% (wt/vol) sodium dodecyl sulfate and 50 l of 2% (wt/vol) proteinase K were added to the mixture and the mixture was incubated at 60°C for 1.5 h. The DNA was recovered from the tube by phenol-chloroform extraction (19) . The nucleic acids from the 0.5-ml aqueous phase were precipitated by adding 0.12 ml of sterile 3 M sodium acetate and 1 ml of ice-cold 100% ethanol and incubating for 1 h at Ϫ70°C. The DNA pellet was recovered by centrifuging the solution at 12,000 ϫ g for 20 min at 4°C. The pellet was washed by adding 500 l of 70% ice-cold ethanol and was recovered by centrifuging at 12,000 ϫ g for 10 min at 4°C. The pellet was then air dried, and the nucleic acids were dissolved in 100 l of sterile milliQ-purified (mQ) water. Residual RNA was removed from the nucleic acid solution by adding 3 l of 10-mg/ml RNase and incubating at 37°C for 1 h. The DNA was visualized by agarose gel electrophoresis (19) .
Amplification of the 16S rRNA genes (16S rDNA). Amplification of the nearcomplete 16S rRNA genes from the extracted DNA was done by employing the bacterial conserved primers 27f and 1492r (14) Cloning of the 16S DNAs. Amplicons were used immediately in a ligation reaction mixture comprising 1 l of T4 DNA ligase (1 U/l), 10ϫ buffer, 1 l of pGEM-T vector (50 ng), 2 l of amplicons (75 ng), and 5 l of sterile mQ water. All components except the amplicons were from the TA Cloning Kit (Invitrogen, Calif.). Ligation occurred at 15°C for 16 h.
Ultracompetent Epicurian Coli XL2-Blue MRFЈ cells (Stratagene, Sydney, Australia) were thawed on ice in preparation for the transformation step. A volume of 100 l of thawed cells was gently placed in a chilled 50-ml Falcon tube, and 1.7 l of ␤-mercaptoethanol was added. The mixture was incubated on ice for 10 min with regular gentle swirling. Then, 2 l of the ligation mixture was added to the cells, and the cells were incubated on ice for 30 min. A heat shock step was done by immersing the Falcon tube in a 42°C water bath for exactly 30 s. Cells were then returned to ice for 2 min. A volume of 900 l of warm (42°C) sterile SOB (20 g of Bacto Tryptone, 5 g of yeast extract, 0.5 g of NaCl per liter) was added to each tube of transformed cells. These were then shaken at 37°C for 1 h.
A volume of 25 l of transformed cells was spread inoculated onto LuriaBertani (LB) agar plates containing ampicillin, 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside, and isopropyl-␤-D-thiogalactopyranoside (LB Ampicillin/Xgal/IPTG), (19) which were incubated at 37°C for 12 to 16 h and then at 4°C for 1 h. Positive clones (those containing 16S rDNA PCR inserts) appeared white and negative clones (no inserts) were blue. Positive clones were picked and patched onto LB Ampicillin/X-gal/IPTG agar plates to ensure that the first screening was correct. Positive clones were picked, homogenized into 300 l of sterile 50% glycerol, and stored at Ϫ20°C until required. These clones constituted the clone libraries.
Amplification of clone inserts. Stored clones from the library were patched onto LB Ampicillin plates from glycerol stocks and grown overnight at 37°C. A sterile tip from a P200 micropipettor was used to obtain a barely visible amount of overnight growth, which was placed into a microcentrifuge tube containing 63 l of sterile mQ water and 10 l of 10ϫ reaction buffer, and the mixture was covered with mineral oil. The tube was placed into the thermal cycler and incubated at 96°C for 10 min. Then, 200 M (each) dNTP, 1 l of Tth Plus DNA polymerase, and 1 l of each of the plasmid primers (SP6 and T7) (200 ng/l; Invitrogen) were added to each tube. PCR cycling and observation of amplicons were performed as described above.
Restriction enzyme analysis (REA) of clone inserts. For the NOSBR (RC) library, the amplicons from the SP6-T7 PCR from individual clones were subjected to HaeIII (Sigma, Sydney, Australia) digestion. HaeIII is a restriction enzyme that recognizes and cuts the tetranucleotide sequence 5Ј GG-CC 3Ј, i.e., it is a "4-bp cutter." The digestion mixture consisted of 0.5 l of HaeIII enzyme (10 U/l), 2 l of NEB Buffer 2 (Sigma), 7 l of sterile mQ water, and 10 l of amplicon. The reaction was carried out at 37°C for 3 h. The restriction-digested fragments were visualized by electrophoresis in a 3% Tris-acetate-EDTA agarose gel (19) for 55 min at 80 V.
Clones containing inserts that produced identical restriction patterns were grouped into operational taxonomic units (OTUs), and representatives of each OTU were selected for insert sequencing and analysis. Partial and near-complete sequencing of clone inserts. Amplicons from the SP6-T7 PCR from individual clones were purified with the Wizard PCR Cleanup Kit and sequenced with the ABI dideoxy sequencing kit (ABI, Melbourne, Australia) according to the manufacturers' instructions and with primer 530f (14) . For some clones, near-complete insert sequence data were obtained. In this case, PCR of the inserts with the 27f and 1492r primers was employed. A range of bacterial conserved primers (27f, 357f, 530f, 927f, 1114f [4] ) were used to determine the sequences. PCR and sequencing were performed as described above.
Analysis of sequence data. The partial 16S rDNA sequences were compared with those on publicly accessible databases by using the program Basic Local Alignment Search Tool (BLAST [1] ). The sequences were also manually aligned, considering secondary structural constraints, with sequences from members of the domain Bacteria. Phylogenetic analysis of aligned data sets was carried out by using the Phylogeny Inference Package (PHYLIP version 3.5) according to previously published methods (4).
RESULTS
Microscopy. Over the 6-month period of exposure to a very simple medium that favored the growth of autotrophic nitrite oxidizers, a diverse microbial community in terms of morphology (cocci, rods, and filaments) and Gram stain reaction developed.
Culture-dependent methods. Results for partial 16S rDNA sequences and identities for 16 pure cultures of bacteria obtained from the NOSBR are shown in Table 1 . A range of bacteria were able to grow on the ANA medium, although in some cases, the growth took up to 14 days. In addition, prolific growth of a range of bacteria was observed on the NA. Clearly, the NOSBR contained heterotrophs in addition to autotrophic nitrite oxidizers. A range of other bacteria in addition to the 16 reported were isolated. However, none were closely related to known autotrophic nitrite-oxidizing bacteria.
Molecular biological methods. Inserts from a total of 102 clones from the RC library were examined by REA, and they were found to fall into 13 different OTUs (Fig. 1) . A total of 90 clones (88%) were grouped into OTU 1, while the remaining 12 OTUs were each composed of individual clones (each of these OTUs was 1% of the total number of clones). Each individual OTU clone insert and six representatives from OTU 1 (RC7, RC11, RC16, RC25, RC73, and RC99) were partially sequenced. Results from BLAST comparisons are given in Fig. 1 . According to the BLAST results, the vast bulk of clone inserts in the RC clone library originated from bacteria whose closest relative is Nitrospira moscoviensis. It is recognized that BLAST analysis is a fairly crude way to align sequences from clones with those of specific bacterial genera or species, and a selection of the N. moscoviensis-like clones was analyzed in much more detail. Also according to BLAST analysis, two other clone inserts, RC44 (OTU 3) and RC57 (OTU 4) (Fig. 1) , most closely matched sequences from the genera Nitrobacter and Bradyrhizobium, respectively. These genera along with the genera Afipia and Rhodopseudomonas are very closely related according to rRNA comparisons (16, 23) . Phylogenetic analysis and direct pairwise comparisons of clones RC44 and RC57 with their closest relatives did not clearly align them with any one of these genera. However, the closest matches from BLAST are given in Fig. 1 .
Inserts from a total of 77 clones from the GC library were partially sequenced with the 530f primer and analyzed. The groups to which these clone inserts were affiliated are shown in Table 2 . The majority of the clone sequences grouped with the proteobacterial phylum (56%), while 4% (3 clones; GC3, GC86, and GC109) grouped with the phylum Nitrospira. The sequences of GC3 and GC86 were 99% similar, while the se-quence similarities between clone GC109 and clones GC3 and GC86 were 91.4 and 92.6%, respectively.
Analysis of Nitrospira clones. Near-complete insert sequences were determined for eight RC clones (seven from OTU 1 [RC7, RC11, RC14, RC19, RC25, RC73, and RC99] and the one from OTU 2 [RC90]) (Fig. 1) , one of the three GC Nitrospira clones (GC86), and four clones (SBR1015, SBR1024, SBR2016, and SBR2046) phylogenetically grouped in the Nitrospira phylum and from a clone library prepared by Bond et al. (5) . The data were phylogenetically analyzed as shown in Fig. 2 . A similarity matrix of the 13 clone insert sequences and all those from N. moscoviensis and Nitrospira marina is shown in Table 3 .
DISCUSSION
Our goal was to discover the possible nitrite-oxidizing microorganisms in wastewater treatment systems, since Wagner et al. (27) had unequivocally shown that Nitrobacter was not found in sludges by FISH probing. Until then, wastewater treatment personnel had presumed that Nitrobacter was the dominant nitrite oxidizer because it was commonly isolated from sludges. Additional support for this notion came from Mobarry et al. (15) who used FISH to observe clusters of Nitrobacter, closely juxtaposed with clusters of Nitrosomonas, in activated sludge and biofilm samples. However, by quantitative methods of rRNA extraction and slot blot hybridization, it was concluded that the contribution of Nitrobacter to nitrification was minor (15) .
Nitrobacter (␣ subclass of the class Proteobacteria) can grow heterotrophically, while the remaining known nitrite oxidizers, Nitrospina (␦ subclass), Nitrococcus (␥ subclass), and Nitrospira (Nitrospira phylum), are unable to grow heterotrophically (9) . To preclude the selective advantage that Nitrobacter may have gained from heterotrophic growth, we employed strategies that selected chemoautotrophic nitrite oxidizers. We attempted to significantly narrow the microbial community from a complex mixture with multiple functions (carbon, nitrogen, and phosphorus removal from domestic wastewater) to a single function (autotrophic nitrite oxidation) of reduced diversity. Our NOSBR has excellent nitrification capacities (7), and we investigated its microbial community structure.
Microscopy and culture-dependent methods. The community is composed of complex morphological types and still retains the floccular nature of activated sludge. We were able to isolate a range of heterotrophs on both ANA and NA by classical sample dilution and spread plate inoculation and by micromanipulation. The occurrence in the NOSBR of hetero- trophic nitrification and of other reactions such as aerobic denitrification cannot be ruled out, but the paucity of organic carbon in the reactor would slow such reactions. Organic carbon can theoretically come from the extracellular polymers that the bacteria in the flocs are producing and from dead microbial cells. The possibility of heterotrophic nitrification and aerobic denitrification is currently being further investigated. We were unsuccessful in isolating an autotrophic nitrite oxidizer. However, the isolation procedures used are perhaps not likely to favor this since we employed only growth on solid media and other groups have employed liquid media for the isolation of nitrite oxidizers (9) . Molecular biological methods. Previous studies generating clone libraries with nonselected activated sludges (e.g., that of Bond et al. [5] ) indicated that the diversity of the community would be too great to simplify by REA. Consequently, for the seed sludge library (GC), partial insert sequencing was immediately done rather than REA for grouping. As with other sludges, the diversity of the Merrimac sludge was significant.
As well, the proteobacterial phylum dominated the library, comprising 56% of clones, with the majority of these being of the beta subclass of the class Proteobacteria (29% of all Bacteria). The next largest group was the high GϩC gram-positive bacteria (10%). These findings are similar to those from other researchers where bacteria of the beta subclass and/or high GϩC gram-positive bacteria are dominant in BNR systems (5, 13, 24, 25) . We did not recover any Nitrobacter clones in the GC library but did identify three clones (4% of the library) most closely related to N. moscoviensis.
We employed REA for the grouping of clones from the NOSBR sludge library (RC) because we hypothesized that the microbial diversity should be reduced in this clone library. Culture-dependent methods had not supported such a hypothesis, but it is well recognized that these methods are heavily biased and the results obtained with them are unrepresentative of the true microbial composition (13) . However, because of a range of biases in the methods, clone libraries are not considered adequate for generating quantitative information about the diversity of the microbial community from which the library was prepared (5) . Nevertheless, REA proved extremely useful in grouping clones in the RC library because, when 102 clones were examined, one grouping comprised 90 (88% of the total) clones. Of the remaining 12 clones, 11 contained inserts originating from different bacteria with five from the Flexibacter/ Cytophaga/Bacteroides phylum and five others from the proteobacterial phylum. Two Nitrobacter-like clones could not be unequivocally aligned with any genus, but more sequence data from these clones could clarify their affiliation. positives could be responsible for phosphorus removal in BNR systems because increases in this population, as determined by FISH probing, were correlated with initiation of phosphorus removal in activated sludge systems. The RC clone library was predominantly composed of clones (89% from OTU 1 and OTU 2) with inserts originating from bacteria whose closest relatives are in the Nitrospira phylum and are most similar to Nitrospira moscoviensis. Direct pairwise sequence comparisons between sequences in the two Nitrospira clone clades (see Fig. 2 ) showed that clone clade 1 (SBR1015, SBR1024, SBR2046, and GC86) had an average 16S rDNA similarity value of 99.4% (Table 3) , while for clone clade 2 (RC7, RC11, RC14, RC19, RC25, RC73, RC90, RC99, and SBR2016) this value was 98.7% (Table 3 ). The average sequence similarity between the two clone clades was 92.8% (Table 3) , while those between N. moscoviensis and clone clades 1 and 2 ( Fig. 2) were 96.1 and 92.8%, respectively. The highest comparative value between an RC clone sequence and N. moscoviensis was 93.4% for RC25 (Table 3) . From the sequence data analysis, the two clone clades would likely represent two separate species. This conclusion is drawn from discussions by Stackebrandt and Goebel (22) , who note that organisms with rRNA sequence similarity values of less than 97.5% most likely represent different species.
Conclusions. From the data presented in this paper, we suggest that the unknown nitrite-oxidizing bacteria in activated sludges belong in the Nitrospira phylum. In the meantime, both Wagner et al. (27) and Schramm et al. (20) have discovered clones originating from Nitrospira in industrial activated sludge and biofilm processes, respectively. Both the seed sludge from the Merrimac plant and the highly selected autotrophic nitrifying bioreactor biomass contain these organisms. Clones with inserts originating from Nitrobacter were not recovered in the GC library, but two RC clones (RC44 and RC57) were closely related to this bacterium and its relatives. In the meantime, we have prepared Nitrospira-specific primers and in preliminary studies involving a PCR test (data not shown) have positively correlated the presence of Nitrospira with excellent nitrification in full-scale activated sludge plants. In addition, in processes where nitrification is poor, these bacteria are absent. These PCR experiments will be complemented with FISH studies to quantify the numbers of Nitrospira in nitrifying systems. However, we will use our PCR test as a screening in advance of FISH probing of sludges to show the presence of nitrospiras. Data from studies on nitrification kinetics from the enhanced nitrite-oxidizing culture in the NOSBR (7) will be combined with numbers of nitrospiras from FISH probing and used in mathematical modelling.
